INTRODUCTION
============

Dizziness is a common clinical symptom observed in internal medicine clinics ([@B1]). Dizziness disorders can originate with or without a prior organic vestibular dysfunction ([@B54]; [@B16]). The prevalence and severity of dizziness has been reported to increase with age ([@B7]). For patients over the age of 75 years, dizziness is the most common reason for visiting a doctor ([@B15]). Dizziness disorders are highly correlated with phobic, panic, anxiety, depressive, dissociative or somatoform disorders ([@B11]). Importantly, the histories from those patients with dizziness disorders point to dizziness disorders being an inflammatory disease, including peripheral labyrinthine abnormalities or inflammation of inner ears ([@B48]). Studies have been conducted to examine the relationship between reactive oxygen species (ROS) and dizziness ([@B56]). Results suggest that dizziness is positively related to oxidative stress. Treatment using antioxidants have shown remarkable improvement of uncomfortable symptoms in Meniere's disease ([@B51]; [@B58]). Although details of the bio-molecular mechanism causing dizziness are still elusive, current evidence has pointed to a relationship between oxidative stress and vertigo ([@B51]). Further research is still required to elucidate the molecular interactions of oxidative stress, dizziness and the effects of treatment.

To treat dizziness, vestibular rehabilitation remains the primary exercise treatment ([@B59]). Vestibular rehabilitation is a program of exercises to promote central nervous system compensation; it is a process through which other non-vestibular sensory inputs can be enhanced to control an individuals' equilibrium ([@B12]). Vestibular rehabilitation is reported to have a functional role in correcting dizziness symptoms, improving gaze stability, retraining balance and gait, and enhancing physical fitness ([@B41]). [@B3] suggested that exercise training may provide positive feedback for patients suffering from vertigo and dizziness. Moreover, exercise training has long been proven to be effective in repressing pro-inflammatory responses, such as Aβ-induced inflammation of neurons, and mitigating the pro-inflammatory parameter in LPS-injected rats ([@B27]; [@B30]).

The most well-investigated human sirtuins family is sirtuin 1 (SIRT1). SIRT1 is an essential mediator of longevity in normal cells ([@B44]). Previous studies have revealed that SIRT1 deacetylates both histone and non-histone substrates, indicating that SIRT1 may participate in a key function in cellular physiological processes, such as metabolism, cell degeneration, cell growth and cell survival ([@B53]). SIRT1 plays a vital role in regulating inflammation events, much like the mitogen-activated protein kinase family (MAPKs) or NF-κB. SIRT1 knock-down promotes NF-κB activity and pro-inflammatory cytokine secretion ([@B42]; [@B65]). Moreover, SIRT1 deacetylates and mitigates the transcription activity of activator protein-1 (AP-1), thereby inhibiting expression of the pro-inflammatory gene cyclooxygenase-2 (COX-2; [@B18]). SIRT1 regulates longevity factors and several factors by deacetylation of Forkhead box (FOXO) family ([@B52]), SIRT1 probably acts via different mechanisms to regulate age-related changes including increasing mitochondriogenesis via modulating PGC-1α deacetylation, repressing oxidative stress survival response via FOXO family, reducing apoptosis and proliferation caused by p53 deacetylation, and mitigating pro-inflammatory response via NF-κB activation ([@B64]; [@B35]).

Exercise has been believed to be an efficient non-pharmacological intervention for human health; moreover, many studies also have shown that exercise training improves human physiological function ([@B9]; [@B19]). [@B39] suggested that activation of AMPK positively regulates SIRT1 and PGC-1α expression in dystrophic skeletal muscle, thereby improving movement performance. Exercise has been considered a positive regulator in controlling SIRT1 expression ([@B61]). Activation of SIRT1 may be an effective intervention to improve health. However, the effects of exercise training to regulate SIRT1 expression in patients with dizziness have not yet been reported. We hypothesized that the expression and catalytic activity of SIRT1 would be repressed and involved in the pathogenesis of patients with chronic dizziness. The present study aimed to examine whether exercise training would positively activate SIRT1 expression and SIRT1-related downstream target-genes in patients with chronic dizziness.

MATERIALS AND METHODS {#s1}
=====================

SUBJECTS
--------

Patients with chief complaints of dizziness for more than 1 year were recruited from the Department of Physical Medicine and Rehabilitation, Taipei Veterans General Hospital. The diagnosis was based on patients' self-reported histories, the results of head thrust tests, horizontal and vertical head shaking nystagmus tests and caloric examinations (AIRSTAR, Micromedical Technologies, IL, USA). Age-matched subjects without history of dizziness or vertigo were recruited as controls. Exclusion criteria included subjects with benign paroxysmal positional vertigo and cerebrovascular diseases. All of the participants were asked to sign an informed consent form approved by Taipei Veterans General Hospital Institutional Review Board.

EXERCISE PROTOCOL
-----------------

Each subject with dizziness received an exercise training session 3 days a week for 6 weeks. Each training session lasted a total of 30 to 40 min. Each subject was asked to read a target 2 m in front of them at eye level. Training started with a horizontal head movement at a comfortable speed for each subject. The head movements then increased to at least 120° per second to achieve a therapeutic goal. The participants changed positions from sitting to standing and from standing on a stable floor to standing on an unstable cushion surface. For the strengthening and balance exercises, the subjects were asked to sit on a chair, raise both legs with full knee extension and hold for 30 s, rest for 10 s and repeat for a total of 10 min. Then, the subjects were asked to stand on one leg for 30 s, hold on to a chair to keep balance if necessary, rest for 20 s, change legs, and repeat the same procedure The exercise was repeated for 10 min ([@B23]; [@B6]).

CLINICAL ASSESSMENTS
--------------------

The visual analog scale (VAS), the Dizziness Handicap Inventory (DHI; [@B26]) and the Tinetti Fall Risk Performance Scale (POMA; [@B60]) were used to obtain information of the self-perceived dizziness level and balance functions for the control subjects. These scales were also applied to the chronic dizzy subjects to establish a baseline comparison before and after 6 weeks of exercise training. The DHI is a validated 25-item questionnaire for evaluating individuals' self-perceived levels of dizziness-related handicap. A higher DHI score indicates a greater level of handicap caused by dizziness. The POMA is a 2-point scale for evaluating static and dynamic functions. A higher POMA score indicates a better balance function.

ISOLATION OF mRNA AND QUANTITATIVE REAL-TIME
--------------------------------------------

### PCR

Six milliliters of blood from each subject were collected (BD Vacutainer system, K2-EDTA tubes; BD Diagnostics, Franklin Lakes, NJ, USA). Total RNA was isolated with an RNeasy Plus mini kit (Qiagen, Hilden, Germany). After the RNA was isolated, its quality was assessed with an Experion Automated Electrophoresis Station (Bio-Rad). Oligonucleotides for SIRT1, PGC-1a, p53, FoxO1, FoxO3, and β-actin were designed using the computer software package Primer Express 2.0 (Applied Biosystems, Foster City, CA, USA). All of the oligonucleotides were synthesized by Invitrogen (Breda, The Netherlands). Oligonucleotide specificity was determined by a homology search within the human genome (BLAST, National Center for Biotechnology Information, Bethesda, MD, USA) and confirmed by dissociation curve analysis. The oligonucleotide sequences are shown in **Table [1](#T1){ref-type="table"}**. PCR was performed with SYBR Green in an ABI 7000 sequence detection system (Applied Biosystems) according to the manufacturer's guidelines. The thermal cycling conditions consisted of a pre-incubation lasted for 5 min at 95°C, followed by 40 cycles of denaturation for 15 s at 95°C, followed by annealing for 30 s at 60°C and extension for 30 s at 72°C, and a final extension for 10 min at 72°C. The relative expression of target mRNA to β-actin mRNA was calculated.

###### 

The oligonucleotide sequences.

  Gene       Sense                                 Anti-sense
  ---------- ------------------------------------- -------------------------------
  SIRT1      5′-TGTGGTAGAGCTTGCATTGATCTT-3′        5′-GGCCTGTTGCTCTCCTCAT-3′
  p53        5′-GCCCACTTCACCGTACTAA-3′             5′-TGGTTTCAAGGCCAGATGT-3′
  PGC-1      5′-CCGCACGCACCG AAA-3′                5′-TCGTGCTGATATTCCTCGTAGCT-3′
  PPAR-y     5′-AGTGTGAATTACAGC AAATCTCTGTTTT-3′   5′-GCACCATGCTCTGGGTCA A-3′
  FoxOl      5′-ATGGTCAAGAGCGTGCCC-3′              5′-GATTGAGCATCCACCAAG-3′
  FoxO3      5′-TCTCCCGTCAGCCAGTCTAT-3′            5′-AGTCACTGGGGA ACTTGTCG-3′
  β -actin   5′-CGGGAAATCGTGCGTGAC-3′              5′-TGCCCAGGAAGGAAGGCT-3′

IMMUNOBLOTTING
--------------

Plasma was collected from whole blood sample after 2500 × *g* centrifuge at 4°C for 10 min, and then was separated by electrophoresis on SDS-polyacrylamide gel. After the proteins had been transferred onto a PVDF membrane (Millipore, Bedford, MA, USA), the blot was incubated with blocking buffer for 1 h at room temperature and then probed with SIRT1 primary antibody overnight at 4°C, followed by incubation with horseradish peroxidase-conjugated secondary antibody for 1 h. To control equal loading of total protein in all lanes, blots were stained with mouse anti β-actin antibody. Bound immunoproteins were detected by an enhancer chemiluminescent assay (ECL; Amersham, Berkshire, UK). The intensities were quantified by densitometric analysis (Digital Protein DNA Imagineware, Huntington Station, NY, USA).

SIRT1 ACTIVITY ASSAY
--------------------

SIRT1 activity in the samples was measured using the Cyclex SIRT1 Deacetylase Fluorimetric Assay Kit according to the manufacturer's protocol (CycLex Ltd., Nagano, Japan) as previously described ([@B8]). In brief, upon NAD-dependent deacetylation of the specific substrate by SIRT1, the fluoro-substrate peptide is cleaved by a lysyl endopeptidase, separating the quencher from the fluorophore. By measuring time-dependent changes in fluorescence intensity produced by the fluorophore, specific activities of SIRT1 could be assessed ([@B28]).

NAD+/NADH MEASUREMENT
=====================

To determine the NAD+/NADH ratio, plasma was collected from whole blood after 2500 × *g* centrifuge at 4°C for 10 min. NAD+/NADH assay (abcan: ab65348) in the plasma was determined via an enzymatic assay method using a commercial kit according to the manufacturer's instructions. The concentration of hydrogen peroxide was converted to μM. The concentrations of NAD+ and NADH were expressed in nmol per mg protein based on standard NADH readings.

ANTIOXIDANT ENZYME ACTIVITY MEASUREMENT
---------------------------------------

To determine the antioxidant enzyme activity, plasma was collected from whole blood after 2500 × *g* centrifuge at 4°C for 10 min. SOD (Cell Biolabs, STA-340) and catalase activity (Cell Biolabs, STA-341) in the plasma was determined via an enzymatic assay method using a commercial kit according to the manufacturer's instructions. Enzyme activity was converted to units per milligram of protein.

HYDROGEN PEROXIDE MEASUREMENT
-----------------------------

To determine the concentration of hydrogen peroxide, plasma was collected from whole blood after 2500 × *g* centrifuge at 4°C for 10 min. Hydrogen peroxide (Cell Biolabs, STA-344) in the plasma was determined via an enzymatic assay method using a commercial kit according to the manufacturer's instructions. The concentration of hydrogen peroxide was converted to μM.

MALONDIALDEHYDE ASSAY
---------------------

Plasma was collected from whole blood after 2500 × *g* centrifuge at 4°C for 10 min. The plasma was then suspended in 130 mM KCl and 50 mM PBS containing 0.1 mL of 0.1 M dithiothreitol (DTT) and centrifuged at 20,000 *g* for 15 min at 4°C. The supernatant was taken for biochemical estimation. The level of lipid peroxidation was determined by analyzing TBARS, as previously described ([@B46]). The pink-colored chromogen formed by the reaction of 2-TBA with the breakdown products of lipid peroxidation was measured.

STATISTICAL ANALYSES
--------------------

Data were expressed as the means ± standard deviation. Student*t-*test was used to analyze the evaluation of clinical assessments obtained before and after vestibular training in subjects with dizziness. The experimental results were analyzed with one-way ANOVA, and Bonferroni's *post hoc* test was performed to compare the hematological mRNA level and plasma parameters. The criterion for significance was *p* \< 0.05.

RESULTS
=======

SUBJECT CHARACTERISTICS AND CLINICAL ASSESSMENT SCORES
------------------------------------------------------

To explore the differences of clinical manifestation between dizzy and non-dizzy individuals, 15 patients (mean age 70.73 ± 5.48 years, male:female = 8:7 dizzy group) who suffered from chronic dizziness (mean disease duration 3.2 ± 1.62 years; 12 patients with and 3 patients without a history of vestibular hypofunction) and 15 subjects (mean age 69.12 ± 3.62 years, male:female = 7:8 non-dizzy group) without a history of dizziness were enrolled in this study. No age or gender differences were found between groups (student *t*-test, *p* \> 0.05). Clinical assessments were applied to evaluate the self-perceived sense of dizziness and balance function of the non-dizzy subjects on initial examinations. The mean VAS score was 0.40 ± 0.63. Total DHI score was 1.33 ± 1.80 and the POMA score was 26.27 ± 1.44. The same assessments were applied to the dizzy subjects before and after exercise training. The mean VAS score before exercise training for subjects in the dizzy group was 4.46 ± 3.24, the total DHI score was 35.07 ± 24.73 and the POMA score was 17.80 ± 3.86. Significant differences of clinical assessment scores were found between the dizzy and non-dizzy groups (*p* \< 0.001). After 6 weeks of vestibular training, the VAS score improved to 3.46 ± 2.43 (*p* = 0.018) in dizzy group. The total DHI score changed to 24.53 ± 24.70 (*p* = 0.014), and the POMA score changed to 22.80 ± 2.80 (*p* \< 0.0001). The clinical scores differed significantly before and after exercise training, suggesting that exercise intervention decreased the symptoms of dizziness and improved balance functions in subjects of the dizzy group.

THE EXPRESSION LEVEL OF SIRT1 WAS ATTENUATED IN PATIENTS WITH CHRONIC DIZZINESS
-------------------------------------------------------------------------------

Our previous data indicated that exercise training improved the symptoms of dizziness ([@B29]). However, the possible bio-molecular mechanism involved in dizzy patients is still largely unclear. SIRT1 is an important modulator in humans in the protection against oxidative events. A previous study reported that exercise alters SIRT1 expression levels in rats ([@B32]). We hypothesize that the SIRT1 expression level as well as the catalytic activity of SIRT1 is suppressed in patients with chronic dizziness. To validate our hypothesis, the plasma samples obtained from the dizzy patients before exercise treatment and healthy donors (the control sample) were tested with the use of the real-time PCR, Western blotting, and the assay for detecting the deacetylase activity of SIRT1 ([@B28]). Firstly, we showed that mRNA (**Figure [1A](#F1){ref-type="fig"}**) and protein (**Figure [1B](#F1){ref-type="fig"}**: Western blotting; **Figure [1C](#F1){ref-type="fig"}**: quantitative ratio for protein expression of Western blotting) expression levels of SIRT1 were significantly lower in patients with chronic dizziness compared with controls (*p* \< 0.05). Moreover, the SIRT1 activity was repressed in the blood samples of chronic dizzy patients compared with those of non-dizzy group (*p* \< 0.05; **Figure [1D](#F1){ref-type="fig"}**).

![**Expression levels of SIRT1 in the blood samples of patients with dizziness before and after exercise training.** **(A)** Total blood mRNAs were extracted by kits, and the expression levels of SIRT1 in three different groups (non-dizzy, dizzy, and dizzy with exercise) were investigated using real-time PCR (each group, *n* = 15). **(B)** The samples of plasma were isolated from blood for Western blotting assay (each group, *n* = 4; from patient No. 1 to No. 4). **(C)** and the expression level were quantified as bar-chart. **(D)** The samples of plasma were isolated from blood for SIRT1 activity assay (non-dizzy, dizzy, and dizzy with exercise; each group, *n* = 15). Box-and-whisker plot illustrating the mean, standard deviation (S.D) and upper/lower extreme values for each group. ^\#^*p* \< 0.05 compared with the control group. \**p* \< 0.05 compared with the dizzy group.](fnagi-06-00027-g001){#F1}

We further determined whether the vestibular exercise could affect the expression and enzymatic activity of SIRT1 in dizzy patients. Our results demonstrated that the mRNA (**Figure [1A](#F1){ref-type="fig"}**) and protein (**Figures [1B,C](#F1){ref-type="fig"}**) expression levels of SIRT1 in dizzy patients were significantly upregulated after exercise training (*p* \< 0.05). The catalytic activities of SIRT1 in the blood samples of chronic dizzy patients increased significantly after vestibular training (**Figure [1D](#F1){ref-type="fig"}**), parallel to their symptomatic improvements (*p* \< 0.05). These findings supported that exercise intervention not only reduced dizziness symptoms, but also improved SIRT1 functions in patients with chronic dizziness.

THE EXPRESSION LEVELS OF SIRT1 DOWNSTREAM GENES WERE UP-REGULATED WITH EXERCISE TRAINING IN PATIENTS WITH CHRONIC DIZZINESS
---------------------------------------------------------------------------------------------------------------------------

SIRT1 was previously reported to counteract the activation of p53 via deacetylating lysine 379 in response to genotoxic stress, thereby mitigating stress-induced cell death ([@B40]). Recent studies reported that p53 activation and the stress response function can be inhibited by SIRT1 ([@B40]; [@B34]). Our findings clearly demonstrated the protein levels and catalytic activities of SIRT1 in dizzy subjects were affected by vestibular training, we therefore went on to investigate the expression levels of p53 (an important downstream molecule of SIRT1) in non-dizzy and chronic dizzy patients before/after exercise training. As **Figure [2A](#F2){ref-type="fig"}** shows, using real-time PCR, we found that the p53 mRNA level was significantly higher in dizzy patients as compared with the level in non-dizzy subjects (*p* \< 0.05; **Figure [2A](#F2){ref-type="fig"}**). Our experimental results also confirmed that p53 expression is mitigated with exercise training in patients with chronic dizziness (*p* \< 0.05; **Figure [2A](#F2){ref-type="fig"}**).

![**Expression levels of SIRT1 downstream genes in the blood samples of patients with dizziness before or after exercise training.** Total blood mRNAs were isolated, and the **(A)** p53, **(B)** PPAR-γ, and **(C)** PGC-1 expression of the three different groups (non-dizzy, dizzy, and dizzy with exercise; each group, *n* = 15) were investigated using real-time PCR. Box-and-whisker plot illustrating the mean, standard deviation (S.D) and upper/lower extreme values for each group. ^\#^*p* \< 0.05 compared with the control group. \**p* \< 0.05 compared with the dizzy group.](fnagi-06-00027-g002){#F2}

In addition, two other important SIRT1-downstream target-genes, PPAR-γ coactivator-1α (PGC-1α) and peroxisome proliferator-activated receptor-gamma (PPAR-γ), were also evaluated in this study. We used real-time PCR to test whether the gene expression of PGC-1α and two other PPAR-γ were repressed and involved in chronic dizziness. The results, shown in **Figures [2B,C](#F2){ref-type="fig"}** indicated that the expression levels of blood PPAR-γ, PGC-1α were significantly diminished in patients with dizziness compared with controls (*p* \< 0.05). In line with clinical symptomatic improvements, the expression levels of PPAR-γ and PGC-1α were remarkably increased in chronic dizzy patients after vestibular training (*p* \< 0.05). Taken together, our findings indicate that exercise training enhances biological and physiological function involving the activation of SIRT1 axis and its downstream target-genes, including PGC-1α and PPAR-γ.

THE EXPRESSION LEVELS OF FoxO FAMILY GENES AND ANTIOXIDANT ENZYME ACTIVITIES INCREASED WITH EXERCISE TRAINING IN PATIENTS WITH CHRONIC DIZZINESS
------------------------------------------------------------------------------------------------------------------------------------------------

FoxOs family has been reported to perform functions in modulating the bio-molecular processes, thereby regulating the responses for cellular oxidative stress ([@B24]). SIRT1 has been shown to deacetylate and activate three members of the FoxOs family ([@B4]; [@B31]). Recently, [@B21] revealed that FoxO1 function is highly interrelated with SIRT1 activity. [@B4] further reported that SIRT1 may deacetylate FoxO3 under oxidative stress conditions, thus protecting against cellular stress resistance. FoxO1 and FoxO3 expression levels in our subjects were investigated to further determine whether the downstream genes of SIRT1 would be altered through vestibular training. Results showed that the mRNA expression levels of FoxO1 and FoxO3 in the blood samples of patients with dizziness were significantly diminished compared with those of controls (*p* \< 0.05; **Figures [3A,B](#F3){ref-type="fig"}**). After exercise training, the mRNA expression levels of FoxO1 and FoxO3 were significantly upregulated in patients with dizzy subjects (*p* \< 0.05; **Figures [3A,B](#F3){ref-type="fig"}**).

![**Expression levels of FoxOs in the blood samples of patients with dizziness before or after exercise training.** Total blood mRNAs were isolated, and the **(A)** FoxO1 and **(B)** FoxO3 expression in three different groups (non-dizzy, dizzy, and dizzy with exercise; each group, *n* = 15) were investigated using real-time PCR. Box-and-whisker plot illustrating the mean, standard deviation (S.D) and upper/lower extreme values for each group. ^\#^*p* \< 0.05 compared with the control group. \**p* \< 0.05 compared with the dizzy group.](fnagi-06-00027-g003){#F3}

It is now well established that cells activate SIRT1 and FoxOs transcription factors to reduce the level of oxidative stress via the induction of enzymes such as superoxide dismutase (SOD) and catalase ([@B33]; [@B45]). For example, FoxO3 protects quiescent cells from oxidative stress by directly increasing the messenger RNA and protein quantities of SOD ([@B33]). We thus isolated the plasma from whole blood and tested the antioxidant enzymes activities in all subjects. As presented **Figures [4A,B](#F4){ref-type="fig"}**, we found that the activities of SOD and catalase were significantly reduced in patients with dizziness (*p* \< 0.05, respectively). After exercise intervention, the activities of these antioxidant enzymes, SOD and catalase were significantly enhanced (*p* \< 0.05; **Figures [4A,B](#F4){ref-type="fig"}**). Consistent with the increased expression of the FoxOs family and SIRT1-axis genes after treatment in dizzy patients, our findings supported that vestibular training may be conducive for activating antioxidant enzyme activities.

![**Antioxidant enzyme activity in the blood samples of patients with dizziness before or after exercise training.** Plasma was isolated from whole blood. **(A)** Catalase and **(B)** SOD activity in three different groups (non-dizzy, dizzy, and dizzy with exercise; each group, *n* = 15) were investigated using kits. Box-and-whisker plot illustrating the mean, standard deviation (S.D) and upper/lower extreme values for each group. ^\#^*p* \< 0.05 compared with the control group. \**p* \< 0.05 compared with the dizzy group.](fnagi-06-00027-g004){#F4}

OXIDATIVE STRESS WERE REVERSED WITH EXERCISE TRAINING IN PATIENTS WITH CHRONIC DIZZINESS
----------------------------------------------------------------------------------------

The relationship between ROS and dizziness has been studied ([@B56]). [@B56] have found that patients who suffered from dizziness showed higher systemic oxidative stress compared with control groups ([@B5]). We confirmed that the concentration levels of ROS content, the hydrogen peroxide, in blood samples of patients with chronic dizziness were significantly higher than those in the non-dizzy individuals (*p* \< 0.05; **Figure [5A](#F5){ref-type="fig"}**). We investigated the serum level of an oxidative parameter, malondialdehyde (MDA), to examine the oxidative status in patients with chronic dizziness. As presented in **Figure [5B](#F5){ref-type="fig"}**, the result showed that subjects with chronic dizziness had a higher MDA concentration as compared with those in the control group (*p* \< 0.05). Notably, both the concentration levels of hydrogen peroxide and the MDA were significantly reduced after exercise training (*p* \< 0.05, respectively).

![**ROS, MDA and NAD+/NADH ratio concentrations in the blood samples of patients with dizziness before or after exercise training.** Plasma was isolated from whole blood. **(A)** Hydrogen peroxide (H~2~O~2~), **(B)** malondialdehyde (MDA) concentration and **(C)** NAD+/NADH ratio in three different groups (non-dizzy, dizzy, and dizzy with exercise; each group, *n* = 15) were investigated using kits. Box-and-whisker plot illustrating the mean, standard deviation (S.D) and upper/lower extreme values for each group. ^\#^*p* \< 0.05 compared with the control group. \**p* \< 0.05 compared with the dizzy group.](fnagi-06-00027-g005){#F5}

SIRT1 is an NAD+-dependent protein deacetylase and exhibits the function to decrease ROS levels and participates in cell survival under oxidative stress conditions ([@B47]). It has been suggested that NAD+/NADP ratio is reduced under oxidative stimulation ([@B57]). Based on these previous reports, we investigated the NAD+/NADP ratio in the peripheral blood samples of dizzy patients to verify whether NAD+/NADP ratio would be reduced under oxidative stimulation. As presented in **Figure [5C](#F5){ref-type="fig"}**, we found that patients with chronic dizziness indeed had a lower NAD+/NADP ratio compared with the control group (*p* \< 0.05; **Figure [5C](#F5){ref-type="fig"}**). In contrast, the NAD+/NADP ratio in the blood samples of patients with chronic dizziness significantly increased after vestibular training (*p* \< 0.05; **Figure [5C](#F5){ref-type="fig"}**). Our findings demonstrated that exercise training enhances NAD+/NADP activity. Vestibular rehabilitation could attenuate the blood ROS level, thus possibly contribute to a protective effect against oxidative stress in chronically dizzy patients.

DISCUSSION
==========

Chronic dizziness is a complex mixture of feelings including unsteadiness, lightheadedness and even walking difficulties ([@B7]). In the aged population, dizziness can be a result of reduced visual acuity, disrupted vestibular reflexes, decreased somatosensory reactions, and declined musculoskeletal function ([@B22]). Vestibular rehabilitation is a valuable treatment approach for patients with dizziness. Despite the fact that major previous studies investigated the relationship between SIRT1 expression change and skeletal muscles exercise training, vestibular rehabilitation involves both central nervous system compensation as well as muscle balance training. It is reasonable to believe that SIRT1 expression could be enhanced through a comprehensive, eye-head-trunk coordination training program. Recent clinical observations revealed that SIRT1 expression in peripheral blood mononuclear cells (PBMCs) from metabolic syndrome and insulin resistant subjects was significantly reduced compared with controls ([@B10]). The over-accumulated ROSs, including those generated from Glucotoxicity-, lypotoxicity-, senescence-induced oxidative stress, have been suggested to be one major risk in suppressing SIRT1 expression ([@B10]; [@B38]; [@B49]). The clinical relevance of SIRT1 expression and chronic dizziness has not yet been explored. To the best of our knowledge, this is the first study demonstrating that the mRNA and protein expression levels of SIRT1, as well as SIRT1 activity, were repressed in patients with chronic dizziness. We also proved that vestibular exercise training provides a non-invasive, non-pharmacological avenue to increase the blood SIRT1 expression in chronically dizzy patients. Exercise intervention also functionally inhibits p53 expression and enhances PGC-1α, PPAR-γ, and FoxOs expressions, thereby suppressing oxidative stress in patients with chronic dizziness. Based on our clinical findings and previous research reports, the possible bio-molecular mechanism involved in chronic dizzy is proposed in **Figure [6](#F6){ref-type="fig"}**.

![**Schematic diagram showing the potential mechanism of exercise training-derived SIRT1-related axis in patients with dizziness.** As depicted, exercise training reverses SIRT1 expression and also upregulates PPAR-γ, PGC-1 expression. Exercise training enhances antioxidant enzyme activity and reduces the ROS and MDA concentration in blood. The arrow (→) indicates activation or induction, and ⊣ indicates inhibition or blockade.](fnagi-06-00027-g006){#F6}

The prevalence and the severity of dizziness increases with age ([@B7]). The relationship between oxidative stress and dizziness has also been investigated in chronic dizziness ([@B56]). Numerous studies have explored the relationship between SIRT1 expression and aging ([@B20]; [@B63]; [@B25]). SIRT1 has been reported to play a central role in the regulation of chronic pathogenesis, such as diabetes, neurodegenerative, and chronic inflammatory diseases ([@B2]; [@B13]; [@B43]). FoxOs signaling is highly correlated with the control of immune system homeostasis in mammals ([@B37]). [@B37] demonstrated the relationship between FoxO3 and inflammation, suggesting that multisystem inflammation may be caused by the lack of FoxO3a inhibition of NF-kB activities. It has been shown that SIRT1 could negatively regulate NF-κB expression and strongly suppressed the activation of pro-inflammatory genes in SIRT1-knock mice model ([@B55]). Recently, [@B66] reported that activation of SIRT1 inhibits LXRα expression, thereby inhibiting NF-kB activity. One previous report also suggested that the expression and nuclear translocation of FOXO3a is enhanced after resveratrol pretreatment because FOXO3a is a transcription factor that activates the human MsrA promoter ([@B62]). The above mentioned investigations concluded that enhancing SIRT1 function may have a role in effectively inhibiting pro-inflammatory responses, possibly, through modulating the FoxOs family derived signaling. In the present study, we found that dizzy patients had lower FoxO1 and FoxO3 expression levels. Together with the downregulated SIRT1 expression/activity, our data indicate that chronic dizzy patients might be constantly under the influence of chronic inflammation, that leads to uncomfortable symptoms.

Clinical treatment using radical scavengers, such as rebamipide, vitamin C and glutathione, has made significant improvement of vertigo, indicating the potential of these scavengers as effective therapeutics for chronic dizziness ([@B51]; [@B58]). FoxO3a protects quiescent cells from oxidative stress by directly increasing their quantities of manganese superoxide dismutase (MnSOD) messenger RNA and protein. FOXO3 directly binds to an MnSOD promoter at FOXO binding elements to increase its expression. The activation of MnSOD in mitochondria protects cells from ROS-mediated damage ([@B33]). In accordance with previous findings, we demonstrated that exercise training could effectively enhance FoxO1/FoxO3 expression (**Figures [3A,B](#F3){ref-type="fig"}**), remarkably upregulate the antioxidant-enzyme of SOD and catalase (**Figures [4A,B](#F4){ref-type="fig"}**), and significantly suppress the content of ROS-oxidative stress in dizzy patients (**Figures [5A,B](#F5){ref-type="fig"}**). These results further suggest that effective vestibular training could alleviate the status of chronic inflammation and ROS-induced oxidative stress in chronic dizziness, possibly through the activation of FoxOs family genes and SIRT1-related axis.

Physical exercise intervention has been recognized as an effective treatment strategy for the management of symptoms associated with vestibular dysfunction that manifests as dizziness and imbalance related to body position or movement in patients with dizziness ([@B50]). [@B17] showed that exercise training enhances human SIRT1 expression in the hippocampus, and Lezi et al. reported that exercise training upregulates SIRT1, AMPK and PGC-1 function in the liver and brain ([@B36]). Because the mechanisms of vestibular rehabilitation involves adaptation through central nervous system compensation ([@B22]), and based on these studies, we hypothesize that exercise-induced protection effects might be derived through the modulation of SIRT1 and PGC-1α axis. In this present study, our data showed that the expression level of SIRT1, as well as PGC-1 and PPAR-γ are reversed by exercise training in patients with chronic dizziness. Accumulative evidence in our results indicate that exercise training enhances biological function and physiological function involving the activation of SIRT1 axis and its downstream target-genes.

The limitation of our study is that this is a cross-sectional design. A longitudinal study would be valuable to determine the long term effects of vestibular training. Furthermore, SIRT1 is known to regulate other anti-inflammation kinases, such as AMPK or AKT. Future research may need to include kinase activity assays or Western blotting for pro-inflammatory proteins to further validate the roles of other anti-inflammation kinase activities.

CONCLUSION
==========

In this study, we confirmed that the blood SIRT1 level is attenuated in patients with chronic dizziness. Exercise training was found to correct dizziness symptoms and, at the same time, reverse SIRT1 expression and activity in blood. These novel findings may shed light on a new therapeutic strategy for managing chronic dizziness, especially for targeting the SIRT1-specific axis.
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